Delayed cutaneous hypersensitivity (DCH) of 12 normal adult subjects to purified protein derivative (PPD) of Mycobacterium tuberculosis, streptococcal streptokinase-streptodornase (SK-SD), and Candida albicans Dermatophytin 0 (DO) was assayed in vivo by skin testing and compared with such in vitro correlates of cellular immunity as lymphocyte transformation (LT) and inhibition of leukocyte migration (ILM) from microcapillary tubes or in agarose gel. LT was shown to be the best in vitro correlate of specific lymphocyte sensitization with all antigens. In the ILM assays, PPD showed good correlation with in vivo DCH and in vitro LT; SK-SD showed partial correlation; DO showed no correlation, not The clinical importance of cell-mediated immunity, or delayed-type hypersensitivity, is now widely recognized. The importance of cellular immunity to infection is demonstrated by the apparent association of resistance and delayed hypersensitivity in listeriosis (17) , salmonellosis (7), tuberculosis (8) , and brucellosis (18) . Recently, the specific nature of such an association was shown in tularemia (5) . Furthermore, cellular immunity is of great clinical significance in transplantation and tumor immunity and in immune deficiency states. Reliable in vitro methods for the evaluation of cellular immunity in man, where in vivo skin testing often is not possible, not desirable, or insufficiently sensitive, would be very valuable for clinical investigation and diagnosis.
In the present investigation, the cellmediated immunity of 12 normal human vo!unteers was assayed in vivo by delayed cutaneous hypersensitivity and in vitro by inhibition of leukocyte migration, both from capillary tubes and in agarose gel, and by stimulation of lymphocytes to proliferate, as measured by '4C-thymidine uptake. Our subjects, chosen from among employees of a bacteriological laboratory, were tested with purified protein derivative (PPD) of Mycobacterium tuberculosis, as well as with streptococcal and Candida albicans antigenic preparations. Our purpose was to evaluate the usefulness of microtechniques for these in Preparation of leukocytes. Venous blood (10 ml) was drawn and mixed with phenol-free heparin, 50 U/ml. For the preparation of unseparated leukocytes, the heparinized blood was mixed with 6% dextran in saline (Dextran 200-C, MW 252000, Sigma Chemical Co., St. Louis, Mo.), 0.2 by volume, and allowed to sediment for 1 h at 37 C. The leukocyte-rich plasma then was expelled through the needle into a collection tube. Cells were centrifuged for 10 min at 200 x g, the supernatant was decanted, and the cell pellet was washed three times with Hanks balanced salt solution (Grand Island Biological Co., Grand Island, N.Y.). Separation of leukocytes was performed by the method of Boyum (4) undiluted DO, 0.05 to 0.2 ml. All cultures were done in duplicate or triplicate. Cultures were incubated at 37 C in a moist atmosphere of 5% CO2 and 95% air for 5 days, at the end of which period 0.1 yCi of "4C-methyl-thymidine (New England Nuclear Corp., Boston, Mass.; specific activity 24.5 mCi/mmol) was added to each culture tube in 0.5 ml of medium. After an additional 24 h of incubation, 2 x 106 to 4 x 10. mouse spleen "carrier" cells were added to each tube to increase the bulk of the cell pellet, and the cultures were harvested in the cold by centrifugation at 800 x g for 15 min by serially suspending them once in saline, twice in 5% trichloroacetic acid, and once in absolute methanol. The dry residue was dissolved by incubation in 0.5 ml of hyamine hydroxide (New England Nuclear Corp.) for 3 h at 56 C and transferred to scintillation counting vials with 10 For the production of migration inhibitory factor (MIF), cultures of 5 x 106 cells were set up in 3 ml of medium 199 (Grand Island Biological Co.) that contained antibiotics and glutamine but no serum supplement, and either no antigen or PPD (25 ;g/ml), SK (50 U/ml), or undiluted DO (0.05 ml/ml), respectively. After 3 days of incubation as described above, culture supernatant fluids were collected by centrifugation, extensively dialyzed in the cold against saline and distilled water, and lyophilized.
Leukocyte migration. Capillary migration was performed by a modification of the method described by Federlin et al. (12) 8, 1973 on November 1, 2017 by guest http://iai.asm.org/ Downloaded from SENYK AND HADLEY than the one which proved to be stimulatory or nontoxic in lymphocyte transformation studies, or both.
After incubation for 24 h at 37 C, migration patterns were projected and traced, and the areas were measured by planimetry. The areas of migration in duplicate test chambers (four tubes) were averaged, and the results were expressed as migration index, the ratio of migration in chambers containing antigen relative to migration in chambers without antigen. In keeping with the established convention, inhibition of migration was arbitrarily considered to be present if the migration index was less than 0.80. To study cell distribution of migration pattems, chambers were carefully drained with a syringe. In some cases, before drainage of chambers, migration patterns were fixed by replacing the medium with 10% Formalin in saline for 5 min. Cover slips with migration patterns were removed, air dried, stained with Wright-Giemsa stain (Harleco, Philadelphia, Pa.), and mounted with permount.
Migration in agarose gel was performed essentially as described by Clausen (6) . Washed leukocytes were resuspended in medium 199 containing antibiotics, glutamine, and 10% horse serum. Preincubation with antigens (the same concentrations as used for capillary tube migration) was for 1 h at 37 C. Agarose was from Litex (Glostrup, Denmark) or from L'Industrie Biologique Francaise (Gennevillers, France). Migrations were carried out in tissue culture dishes (60 by 15 mmn; Falcon, no. 3002). Migration patterns were fixed and stained as described by Gaines et al. (13) . Migration areas were calculated by measuring the diameter, and the results were expressed as migration index in the same manner as described above for capillary migration.
Capillary migration of peritoneal exudate cells. MIF supernatant fluids were assayed on normal guinea pig peritoneal exudates which had been induced 3 days before sacrifice by the intraperitoneal injection of 20 ml of sterile light mineral oil. The method was that described by David et al. (9) . Lyophilized MIF supernatant fluids, prepared as described above, were dissolved in 1.5 ml of MEM containing 15% by volume of pooled normal guinea pig serum, and the duplicate migration chambers were filled. Results were expressed as migration index.
Nitroblue-tetrazolium reduction. The nitrobluetetrazolium (NBT) reduction test was performed by a modification of the method first described by Park et al. (22) . Venous blood (1 ml) was collected in a plastic tube containing 5 The correlation of leukocyte migration inhibition with DCH and LT varied with the test antigens. In the case of PPD, there was good agreement between the inhibition of leukocyte migration, both from microcapillary tubes and in agarose gel, and lymphocyte transformation. In the case of SK-SD, the correlation was only partial; only in about one-half of the subjects was the leukocyte migration inhibited, at least by one migration method, in the presence of positive DCH and elevated SI values. Furthermore, the migrations from microcapillary tubes and in agarose gel varied in their response to SK-SD: sometimes they followed the same trend, either that of inhibition or the absence of it, and sometimes they did not. In the case of DO, the most striking feature was the complete lack of inhibition of leukocyte migration by either method in any of the subjects. This antigen exhibited a complete lack of correlation with positive DCH and elevated SI values of most subjects.
Gross examination of migration patterns showed, in most cases, a fairly even cell distribution (Fig. 1A) . Only occasionally could a more dense inner zone, surrounded by a lighter "halo" area, be visualized in either uninhibited (Fig. 1B) or inhibited (Fig. 1C) Fig. 2A ) and 30 to 40% in outer areas (Fig. 2B) . In a few cases of clearly defined outer "halo" patterns, more mononuclear cells were present in these areas (Fig. 2C ) than in the outer areas of migration patterns that did not show this distinction.
Assay of MIF from supernatant fluids of lymphocyte cultures. In order to investigate the curious dichotomy of the response to DO, it was decided to determine whether MIF was produced by lymphocytes sensitized to this antigen. Lymphocytes from two subjects, who had been shown to be sensitive to all three antigens by DCH and LT, were cultured as described above. Supernatant fluids from these cultures were processed and assayed on peritoneal exudate cells of a normal guinea pig ( Table  2 ). All three antigens proved to be capable of producing MIF from the lymphocytes of sensitized subjects, thus indicating that the failure of DO to inhibit migration of leukocytes might not be caused by the inability of this antigen to generate MIF. At concentrations expected to be present in assayed supernatant fluids, none of the antigens alone showed any inhibition of migration.
Reduction of NTB dye by PMN leukocytes. Table 1 ).
are shown in Table 1 ), indicating that the ability of lymphocytes to be stimulated by antigens reflects their state of specific sensitization to these antigens. A note of caution is in order, however. PPD tuberculin was shown to act as a mitogen on bone marrow-derived cells of nonimmune mice and guinea pigs (29) , triggering DNA synthesis in vitro. In man, lymphocytes from tuberculin skin test-negative individuals can be stimulated by high doses of PPD (21), possibly indicating the presence of low-affinity cells for the antigen in these individuals, whereas in skin test-positive individuals, the best stimulation was achieved with low concentrations of the antigen, consistent with the presence of high-affinity cells. Also, an almost universal occurrence of antibodies to tubercle bacilli in sera from nontuberculous and tuberculous individuals (1) suggests that most persons have been sensitized to the tubercle bacillus to one degree or another, either by direct exposure or by cross-reaction. In view of extensive cross-reactivity among bacterial antigens (19) , a considerable degree of cross-sensitization should be expected in the adult human population.
At the same time, it should be stressed that, in immunodeficient or anergic persons, delayed cutaneous hypersensitivity does not always correlate with lymphocyte transformation. As an example, we found good lymphocyte stimulation with PPD in six anergic patients with tuberculosis who had a negative tuberculin skin test (G. Senyk and W. K. Hadley, unpublished observations).
Lymphocytes from animals and man with delayed hypersensitivity produce a number of soluble factors when cultured with the specific antigen. Dumonde et al. called these soluble mediators of cellular immunity "lymphokines" (11) or, more recently, lymphocyte activation products (10) . One of these factors, the migration inhibitory factor, assayed by the inhibition of migration of guinea pig peritoneal macrophages, has been a useful tool for the in vitro demonstration of delayed hypersensitivity (14) . It has been used to study cell-mediated immunity in a variety of laboratory animals (reviewed in 3) and may play an important role in host defense against infection when released by specifically triggered lymphocytes. Simon and Sheagren (26) demonstrated in guinea pigs that committed lymphocytes, when stimulated with a specific antigen, are able to enhance greatly the ability of normal macrophages to kill antigenically unrelated bacteria. These investigators were unable to identify the MIF directly as an activator of macrophage bactericidal function (27) . On the other hand, MIF appears to be the same (20) as a soluble factor elaborated by the antigen-stimulated lymphocytes of guinea pigs, which activates macrophages in the sense of promoting increased adherence, spreading, phagocytosis, and glucose oxidation through the hexose monophosphate pathway.
There have been many efforts to develop a reliable MIF assay in man. Bendixen and Soborg (2) described an MIF assay based on the inhibition of migration of peripheral blood leukocytes by specific antigen (tuberculin). Others (16) , however, have found this inhibition difficult to reproduce. The Bendixen-Soborg method also requires 50 to 100 ml of blood, clearly excluding it as a routine diagnostic tool, especially in testing several antigens or in testing children. Thor et al. (30) (Table 2 ), yet one of these antigens (DO) has consistently failed to inhibit leukocyte migration. On the other hand, production of soluble, biologically active factors is not confined to the lymphocytes. Recently, a factor, called neutrophil-immobilizing factor, has been described (15) which can be released by PMN leukocytes upon exposure to endotoxin under certain conditions, and which directly and irreversibly inhibits the response of human neutrophils to diverse chemotactic stimuli without impairing their viability. Thus, factors other than MIF can inhibit the migration of human PMN cells in situations involving direct interactions of leukocytes with bacterial antigens. It is apparent, therefore, that what the PMN cell does, or does not do, upon contact with soluble bacterial antigens within the framework of leukocyte migration tests may depend upon the complex interplay of diverse influences and events, the release of MIF by lymphocytes, triggered specifically or otherwise, being but one of them. In this connection, it is interesting to note that DO, which does not inhibit the migration of leukocytes, also fails to stimulate PMN cells to reduce NBT dye (Table  3 ). This would indicate some basic defect in the capacity of this antigen to interact with PMN cells. It should be emphasized also that the stimulation of PMN cells by PPD and SK-SD to reduce NBT dye does not appear to be immunologically specific, since such stimulation occurred in all subjects studied, including those who were skin test negative to these antigens. Rosenberg and David (24) , using large capillaries and large numbers of human leukocytes, reported that the inhibited leukocyte migration cultures usually exhibit a dense inner area, consisting of mixed leukocytes, and a lighter "halo" area, composed almost entirely of neutrophils. They suggested that only the mononuclear cells were inhibited from migrating, even though, in a few experiments with separated lymphocytes, low levels of specific antigen (SK-SD) failed to inhibit the migration of these cells. Our own experience with the cell distribution and morphology of stained migration patterns from microcapillary tubes was different. The gross pattern of most migrations exhibited a fairly even cell distribution (Fig. 1A) . We observed the more dense inner zone and the outer halo area in a few instances of both uninhibited and inhibited migration (Fig. 1B,  C) . However, stained fields from the halo area clearly show a large number of mononuclear cells in this area (Fig. 2C) . Furthermore, using the same high concentrations of antigens which inhibit migration of mixed leukocytes, we failed to observe any migration inhibition of mononuclear cells but did observe the migration inhibition of PMN cells in some cases (Table 4) .
The search for a satisfactory and practical MIF assay in man continues. Recently, an MIF assay of human leukocytes was described (25) which used human lymphoblastoid cell line as an indicator cell of migration. Once again, PPD was the only antigen tested. To be universally applicable and practical as a diagnostic tool in determining the status of cellular immunity in man, the MIF assay would have to be reliable and reproducible with a variety of soluble bacterial, fungal, and viral antigens. In addition, it should be possible to run such an assay on a reasonable amount of blood, preferably not exceeding 10 ml. Such a goal remains to be achieved.
